The dynamics of YSO accretion shocks is determined by radiative processes as well as the strength and structure of the magnetic field. A quasi-periodic emission signature is theoretically expected to be observed, but observations do not confirm any such pattern. In this work, we assume a uniform background field, in the regime of optically thin energy losses, and we study the multi-dimensional shock evolution in the presence of perturbations, i.e. clumps in the stream and an acoustic energy flux flowing at the base of the chromosphere. We perform 3D MHD simulations using the PLUTO code, modeling locally the impact of the infalling gas onto the chromosphere. We find that the structure and dynamics of the post-shock region is strongly dependent on the plasma-beta (thermal over magnetic pressure), different values of which may give distinguishable emission signatures, relevant for observations. In particular, a strong magnetic field effectively confines the plasma inside its flux tubes and leads to the formation of quasi-independent fibrils. The fibrils may oscillate out of phase and hence the sum of their contributions in the emission results in a smooth overall profile. On the contrary, a weak magnetic field is not found to have any significant effect on the shocked plasma and the turbulent hot slab that forms is found to retain its periodic signature.
Introduction
In the magnetospheric accretion scenario of young stars, material from the inner parts of the surrounding disk is guided along the field lines of the stellar magnetosphere and hits the surface with a free-fall velocity (see contributions from Kurosawa, Lii, Pudritz, Romanova, Zanni, this volume). Upon impact, a strong shock forms that heats the plasma at temperatures of a few million Kelvin. The the prescribed cooling function [4, 5] . associated X-ray emission, which has been observed in a few protostars [e.g. 1], can provide valuable information for the structure and evolution of the post-shock region.
Theoretical 1D numerical studies [2, 3] indicate that the reverse shock is expected to show a quasi-periodic behavior (see contribution from de Sá, this volume). In more detail, consider the configuration depicted in the left panel of Fig. 1 which assumes a locally uniform magnetic field. As material accumulates from the infalling gas, the post-shock region increases in height. However, the hot slab is susceptible to optically thin radiation losses with a typical cooling time of 10 to 1 000 s. This leads to a pressure drop and in turn the collapse of the reverse shock, because the infalling gas can no longer be supported. The formation-collapse cycle of the hot slab is then repeated, i.e. the reverse shock follows a quasi-periodic oscillation with a frequency that depends on the cooling time. Interestingly, from the observational point of view, no periodic signature in accretion shocks has been found yet [6, 7] . By considering a more complex geometry for the magnetic field [8] (see Bonito, this volume) or by taking radiative transfer into account (see de Sá, this volume), the periodic pattern could be suppressed.
Here, we do not consider such possibilities, but we explore the evolution of an accretion shock in the simple regime of optically thin radiation losses and a uniform magnetic field. Instead, we simulate the system in more dimensions, also introducing perturbations in the system in order to study their effects on the structure and evolution of the post-shock region.
Numerical approach
We use the PLUTO code [9] to simulate the interior of the accretion stream in 3D. The computational domain (dashed line in the left panel of Fig. 1 ) consists of the infalling gas, the hot slab, and part of the chromosphere. We solve the magneto-hydronamic equations taking optically thin cooling and magnetic-field-oriented thermal conduction into account. Our box spans x, y = [0.0, 0.5 × 10 −3 ] R in the horizontal directions and z = [0.0, 7.7 × 10 −2 ] R in the vertical, and is resolved by a static grid of [32 × 32 × 256] cells. Note that although the basic features of the dynamics can be studied in 2D, see Ref. [5] , 3D simulations are necessary to provide consistent data for post-processing, part of our future work. 04003-p.2 Initially, at the upper part of the domain, we prescribe a uniform flow of number density n acc = 2 · 10 11 cm −3 and velocity v acc = 500 km s −1 . These conditions are specified at the top boundary too, on which we also introduce clumps of random size and location throughout the simulation time. Their density follows the gaussian distribution with the peak value set at n clm = 10 12 cm −3 and standard deviation equal to 10%-30% of the box width (∼10 2 -10 3 km). For the initial conditions at the lower part of the domain, we specify an isothermal chromosphere with T chr = 10 000 K that is in equilibrium with the imposed constant gravity (the protostar is assumed of solar mass and radius). In addition to that, on the bottom boundary we also add an acoustic energy flux (F chr = 5 × 10 9 erg cm −2 s −1 ) that is periodic in space (∼5 000 km) and time (∼5 min). These values are close to solar observations. Finally, the left and right boundaries of the computational domain are periodic. The initial magnetic field, B 0 , is considered uniform in the vertical direction. During evolution we assume that the plasma is always fully ionized and we incorporate the radiation energy loss term, Λ, in a tabulated form as shown in the right panel of Fig. 1 [4] (the cooling function is set to zero in the chromosphere).
We perform numerical simulations for three models: a) B 0 = 30 G, b) B 0 = 100 G, and c) B 0 = 300 G. These magnetic field values are chosen in order to explore plasma-β values around unity (for the post-shock region), a variable that plays a critical role in the dynamics of accretion shocks. The three models considered correspond, equivalenty, to a) β 1, b) β 1, and c) β 1. Moreover, note that the magnetic field on the protostellar surface is measured to be on the order of kG (see Johns-Krull, Gregory, this volume). Nonetheless, as explained later, for magnetic fields stronger than 300 G the dynamics of the accretion shock is very similar to the case B 0 = 300 G and hence we do not need to consider additional models. Consequently, model c) is probably the most relevant simulation for young stars.
Results
We start with the presentation of model a) in which the plasma-β in the post-shock region is larger than unity, and consequently the overall behavior is almost hydrodynamic. The clumps in the stream, 04003-p.3 as well as the chromospheric variability, perturb the homogeneity of the hot slab. This leads to chaotic motion and plasma mixing in the post-shock region as it can be seen by the small inhomogeneities in Fig. 2 . Nevertheless, the system retains globally the formation-collapse cycle of the reverse shock, being in agreement with the 1D studies. This is mainly because the large post-shock sound speed smooths out, to some degree, the effects of perturbations.
The post-shock region of model b), that has a stronger magnetic field strength than a), consists of vertically elongated structures, see Fig. 3 . Since the plasma-β there is around unity, the field lines resist the deformation that is caused by the local pressure gradients. In turn, the horizontal motion of the post-shock plasma is limited and the material gets trapped vertically. This effect disrupts the global character of the oscillation and the system has no longer a coherent behavior.
For a plasma-β in the hot slab that is smaller than unity, i.e. model c), the magnetic field dominates the dynamics. As a result, it can effectively confine the plasma within flux tubes. Thus, material is 04003-p.4
constrained to move only vertically and cannot interact with its neighbors. This leads to a post-shock region that consists of fibrils, see Fig. 4 . Each fibril is evolving independently, having a quasi-periodic oscillatory behavior as found in the 1D studies. As long as they form and collapse in phase, the system will exhibit a periodic behavior. However, due to the introduced perturbations, the fibrils are quickly brought out of phase. Consequently, the overall emission that results by adding up the individual contributions will not show any periodic patterns [5] . Finally, we point out that the size of the fibrils does not depend on the type of the perturbation but only on the plasma-β value of the post-shock region [5] .
Conclusions
Our study suggests that even in the simple configuration of a uniform magnetic field, the post-shock region can become highly structured. We show that there is a strong dependence on the plasma-β value which has observational relevance to its time-dependent emission signature. Future work will focus on post-processing these data (see Ibgui, this volume) in order to create synthetic spectra and compare with observations.
